The spectral characteristics and refractive index sensitivity of compound multiperiodic grating waveguides are investigated in theory and experiment. Compound gratings are formed by superposition of two or more monoperiodic gratings. Compared to monoperiodic photonic crystal waveguides, compound grating waveguides offer more degrees of design freedom by choice of component grating periods and duty cycles. Refractive index sensing is achieved by evaluating the wavelength or intensity of guided mode resonances in the reflection spectrum. We designed, fabricated, and characterized 24 different compound multiperiodic nanostructured waveguides for refractive index sensing. Simulations are carried out with the Rigorous Coupled Wave Algorithm (RCWA). The resulting spectra, resonance sensitivities, and quality factors are compared to monoperiodic as well as to three selected aperiodic nanostructures (Rudin-Shapiro, Fibonacci, and Thue-Morse). The refractive index sensitivity of the TE resonances is similar for all types of investigated nanostructures. For the TM resonances the compound multiperiodic nanostructures exhibit higher sensitivity values compared to the monoperiodic nanostructure and similar values as the aperiodic nanostructures. No significant influence of the compound grating duty cycles on the sensitivity is observed.
Introduction
Dielectric, periodic photonic nanostructured waveguides are commonly used as transducers for label-free biosensors [1] [2] [3] [4] . These systems are based on sampling of molecular binding events with evanescent fields of quasi-guided modes. Changes in resonance wavelength, intensity, or quality factor of quasi-guided modes are monitored by transmission or reflection measurements. Specificity of these sensors is obtained by biofunctionalization of the surface for specific capture. Detection of biomarkers without adding labels, such as fluorescence labels, prevents measurement errors due to labeling and simpler microfluidic test chips are within reach. These sensors belong more generally to the class of optical refractive index (RI) sensors based on monitoring optical resonances, which also encompasses surface plasmon resonance (SPR) sensors and microcavity resonators [5, 6] . For highperformance sensors a high RI sensitivity = Δ /Δ (Δ : mode shift in wavelength; Δ : refractive index change) and a high quality factor = /Δ , ( : resonant frequency; Δ : resonance width at half maximum) of the mode are necessary [5] . With perturbation theory the wavelength shift Δ and correspondingly the frequency shift Δ of the guided mode resonance are related to the local change in permittivity Δ ( ⃗ ) and the local electric field ( ⃗ ) at position ⃗ as given in (1) [6, 7] : contrast and the grating depth allows for a tailoring of thefactor.
SPR sensors typically offer a good RI sensitivity but exhibit limited mode quality factors due to the metal absorption losses. Purely, dielectric resonator structures, on the other hand, allow for high mode quality factors . Improved performance of photonic crystal slab sensors has been demonstrated by Nicolaou et al. [10] by employing a photonic crystal with alternating nanohole sizes. Recently, the use of deterministic aperiodic nanostructures for biosensing has been suggested [11] [12] [13] . Deterministic aperiodic nanostructures are engineered ordered nanostructures without periodicity [12] [13] [14] [15] [16] . The additional degrees of freedom allow for a tailoring of the optical properties. In particular it has been demonstrated that quasi-localized critical modes in aperiodic nanostructures simultaneously exhibit high quality factors and high sensitivity to refractive index changes [11] . For example, a significantly increased RI sensitivity was calculated for Rudin-Shapiro nanostructures compared to band-edge and point-defect modes of periodic photonic crystal nanostructures [12] . Here, we propose the use of compound multiperiodic gratings for refractive index sensing.
Compound gratings are obtained by performing a logical disjunction operation of two or more monoperiodic gratings. Such compound gratings allow for the design of the number, wavelengths, and relative intensities of resonance peaks in the transmission and reflection spectra [17, 18] . We investigate the spectral characteristics and RI sensitivity of compound multiperiodic gratings in theory and experiment. In a theoretical investigation the performance of multiperiodic grating waveguides is compared to monoperiodic and three selected aperiodic (Rudin-Shapiro, Fibonacci, and Thue-Morse) nanostructured waveguide gratings. In experiment the characteristics of 24 compound multiperiodic gratings with two and three grating components and different combinations of duty cycles are investigated. A monoperiodic grating is characterized as a reference.
Material and Methods

Nanostructures.
Five different types of nanostructured waveguide gratings are investigated: monoperiodic (M), compound multiperiodic (C), Rudin-Shapiro (RS), ThueMorse (ThM), and Fibonacci (F) nanostructures. For all structures a substrate refractive index of = 1.52 and a waveguide with refractive index = 2.44 and height = 100 nm are assumed. Schematics of the different types of nanostructured waveguides are presented in Figure 1 and Table 1 gives a parameter overview. The upper hemisphere is assumed to be filled with an analyte of refractive index .
The compound multiperiodic gratings are created by a logical disjunction of two or more monoperiodic gratings with different grating periods Λ and duty cycles resulting in compound binary gratings [17] . The aperiodic gratings are obtained by substitution sequences with two letter alphabets [11, 19, 20] . The binary sequences are transformed into onedimensional symmetric nanostructures. For this, we transformed each single sequence component into a structure with ℎ nm in -direction and used A as a representative of high index material and B as substrate material. Thus, a subsequence of BBB results in a 3 ⋅ ℎ long substrate region indirection. A symmetric refractive index profile is generated by mirroring around = 0. 
C3b
Compound multiperiodic nanostructure with three periods Λ 1 = 300 nm; Λ 2 = 400 nm; Λ 3 = 500 nm: Λ = 6000 nm Duty cycle combinations:
C4
Compound multiperiodic nanostructure with four periods 
Simulation Methods.
We implemented a Rigorous Coupled Wave Algorithm (RCWA), also known as Fourier modal method, following Moharam et al. [21] . All simulations were carried out in MATLAB. The Fourier components of the monoperiodic nanostructure M were calculated according to [21] using 16 Fourier components. The number of components required for an accurate result was derived by a convergence analysis with different component numbers. As stated in [22] the first nonzero Fourier component is connected with coupling waves into (or out off) the TE mode. Thus, a higher number of components are unnecessary. The TM mode behaves accordingly. We calculated the Fourier components for the multiperiodic gratings by recreating the logical disjunction in the spectrum by (1) the addition of the two input monoperiodic spectra (padded with zeros), (2) the subtraction of the convolution of both, and (3) new calculation of the central component [17] . Convergence analyses yielded the necessary number of Fourier components (adjusted for fast Fourier transform) as 64 components for two-periodic, 512 components for threeperiodic, and 1024 components for four-periodic compound gratings. Again, the first component of the superimposed monoperiodic Fourier spectra is essential for the wave coupling into a (quasi-) guided mode. However, due to the disjunction, these components had higher indices in the resulting spectra [17] . Thus, higher numbers of components are necessary for more complex multiperiodic structures.
To implement aperiodic structures into our simulation, we chose a supercell approach [23, 24] . Using a supercell means, to implement a nanostructure with such a large periodicity, that the calculated results should not differ from a real aperiodic structure in a substantial way. We tried different supercell lengths and decided to transform = 128 series components for the RS and ThM structures and = 144 for the Fibonacci sequence. To obtain the spectrum of the aperiodic gratings, we calculated the Fourier components of a monoperiodic structure with just one high index region and a period as high as the supercell length and positioned this structure via a modulation of the Fourier spectrum. We repeated this process iteratively until the whole sequence was transformed. Due to the complex nature of the resulting spectrum, 1500 components were used for calculation of the results.
For calculation of the RI sensitivity = Δ /Δ the reflection spectra for analyte refractive indices of = 1 (air) and = 1.33 (water) are simulated. Δ is obtained as the shift of the peak wavelength of the considered resonance. The quality factor is calculated for the simulated results by fitting a Fano function and for the experimental results by fitting a Lorentz function to the resonance peak. 
Experimental
Methods. Nanostructured waveguides were fabricated by ultraviolet (UV) nanoimprint lithography and subsequent evaporation of titania (TiO 2 ) [25] . First, an electron-beam written nickel master with 500 × 500 m 2 large nanostructured fields is replicated into a polydimethylsiloxane (PDMS, Sylgard 184, and Curing Agent by DOW Corning) stamp. Second, Amoprime and the nanoimprint resist Amonil (both AMO GmbH) are spin coated onto glass substrates, the PDMS stamp is placed on top, and the resist is hardened with a UV halogen lamp. After pulling off the PDMS stamp, a 70 nm thick TiO 2 layer is deposited by reactive sputtering in the final third step. A photograph of the resulting sample is shown in Figure 2 to the spectrometer. The fluid cell is filled sequentially with air and water. The large refractive index change allows for an easily visible change in the spectrum.
Results and Discussion
The results are sorted by nanostructure type. In Section 3.1 the simulation and experimental results for a monoperiodic nanostructure are presented, in Section 3.2 the simulation and experimental results for compound multiperiodic nanostructures are presented, and in Section 3.3 the simulation results for aperiodic nanostructures are presented.
Monoperiodic Nanostructures.
The simulated and measured spectra for the monoperiodic nanostructure M with period Λ = 400 nm and a duty cycle of = 0.5 are presented in Figure 3 . Both spectra show the expected resonance behaviour in the visible light regime. For the simulation the typical Fano resonance line shape is observed [27] . The measured spectra exhibit Lorentzian peaks due to the measurement with crossed polarization filters for background suppression [26] . Agreement is observed for the peak positions for TE polarization between measurement and simulation. The different quality factors may be attributed to the simplified simulation structure compared to the experimental nanostructure that has a high refractive index layer covering the complete nanostructured surface. Nevertheless, good agreement is obtained for the sensitivities. In simulation a sensitivity of = 33 nm/RIU is calculated for the TE resonance and 19 nm/RIU for the TM resonance. Experimentally a sensitivity of = 32nm/RIU is measured for the TE resonance.
Compound Multiperiodic
Nanostructures. 24 different compound multiperiodic gratings (C2, C3a, and C3b with eight different duty cycle combinations each) were fabricated and characterized experimentally. Figures 4-7 show the simulated and measured reflection spectra for selected compound multiperiodic gratings. As expected from the superposition process the spectra for multiperiodic nanostructures show dominant peaks for each superimposed periodicity [17, 18] . Additionally, the simulated spectra show small resonances due to the convolution part in the Fourier spectra, which creates additional nonzero Fourier components.
The dominant resonance peaks show in the simulation a lower intensity than in the monoperiodic case. The resulting resonance peak was at 100% for the monoperiodic case, as also expected from [22, 28] . The peak intensity decreases as more grating components are included in the compound grating. Accordingly, there is a tradeoff between peak intensity and number of modes (and thus resonance peaks) supported by the photonic crystal waveguide. However, as also shown in [22] , the coupling factor of the modes depends on the duty cycle of the photonic crystal. The duty cycle strongly influences the first Fourier component. Figure 8 presents measured spectra for compound multiperiodic structures with the same underlying periodicities but different duty cycles. The relative intensity of the resonance peaks may be tailored by adjusting the duty cycles. Table 2 summarizes the sensitivities calculated from the spectral resonance shift between air and water as analytes. In the experiments and simulations no significant influence of the grating duty cycles on the sensitivity was observed. Thus, Table 2 gives the averaged sensitivity for the eight different duty cycle combinations for each grating type and the standard deviation for the measurement results. The simulation results correspond to the duty cycles given in Figures 4-7 . Overall, good agreement is observed between measured values and simulation results.
The sensitivities of corresponding TE resonances appear independent of the number of components in the compound grating. On the other hand, for the TM resonances the sensitivity increases for more grating components. This observation is similar to observations made for aperiodic twodimensional photonic crystals [11, 29] . The highest sensitivity of = 50 nm/RIU ± 1.9 nm/RIU is observed experimentally for the TM resonance at 550 nm for the three-period compound nanostructure C3a.
The simulated and measured -factors for selected resonances are listed in Table 3 . A tendency toward an increase of the -factor with the number of grating periods in the compound grating is observed in the simulation. This is contrary to the experimental results. We attribute this difference to the difference in simulated and experimental nanostructure geometries as seen in the comparison of Figures 1  and 2(a) . In order to obtain a closer agreement between experimental and simulation results a modified simulation approach needs to be implemented to correctly predictfactors. Therefore, the simulation values presented here are valid for the nanostructure geometry shown in Figure 1 . As our experimental results show they cannot be applied directly to modified geometries.
Aperiodic Nanostructures.
After comparison of the compound multiperiodic gratings with each other and to a monoperiodic grating, here we compare the compound periodic gratings to aperiodic nanostructures. Simulated reflection spectra for the Rudin-Shapiro (RS), Thue-Morse (ThM), and Fibonacci (F) nanostructures are given in Figure 8 . The Table 2 : Sensitivities of the dominant resonance peaks for monoperiodic and multiperiodic nanostructures defined in Table 1 as calculated from the spectra in Figures 4-7 . Measurement values are averaged values of the results from eight different nanostructures with different duty cycles but the same periodicities as specified in Table 1 C4   410  22  --550  46  --640  49  --710 43 --existence of guided mode resonances is visible. The intensity of the resonance peaks is even lower than for the compound multiperiodic gratings and substantially lower than for the monoperiodic structure. Compared to compound multiperiodic nanostructures, the aperiodic structures exhibit a higher number of resonance peaks. The most disordered nanostructure, the RS structures, exhibits the most resonance peaks, with the ThM structure following. The Fibonacci structure shows fewer resonances with three strong resonances in a small spectral range. The sensitivities for selected resonance peaks are calculated and summarized in Table 4 . As for the compound multiperiodic gratings, the sensitivities of the TE resonances are overall somewhat lower than for the TM resonances. This is in good agreement with theoretical results for twodimensional structures [29] . Interestingly, in the TM case the sensitivity seems to be mostly independent of the wavelength rather than in the monoperiodic case, where higher wavelengths and higher sensitivity are correlated. Overall similar sensitivities are observed for aperiodic gratings and compound multiperiodic gratings. Finally, we calculated the -factors of the resonance peaks in the reflection spectra of the RS structure, as given in Table 5 . The spectrum exhibits resonances with highly increased -factors in comparison to the compound multiperiodic gratings.
Conclusion
We designed, fabricated, and characterized 24 different compound multiperiodic nanostructured waveguides for refractive index sensing. The results are compared to a monoperiodic nanostructure as well as to three selected aperiodic nanostructures (Rudin-Shapiro, Fibonacci, and Thue-Morse). All structures have the same waveguide geometry such that only the nanostructure design is changed. Considering (1) we expect a similar sensitivity for all nanostructures as long as the nanostructure does not change the local electric field distribution significantly. Table 1 . Obtained simulation (sim.) and experimental (exp.) results are summarized for TE polarization and TM polarization.
Therefore, the nanostructure cannot be seen as a simple coupling structure but significantly influences the sensitivity. No significant influence of the compound grating duty cycles on the sensitivity is observed as the standard deviations in Table 2 show. The duty cycles allow for adjusting the relative peak heights. Compared to monoperiodic and aperiodic nanostructures lower -factors are observed for compound multiperiodic nanostructures. Such lower -factor corresponds to a shorter scattering length and thus a shorter photon lifetime in the nanostructure [8] . This indicates that compound multiperiodic nanostructures scatter photons more efficiently. We expect that the -factor of all the investigated structures may be tuned by varying the refractive index contrast and the grating depth. Ding and Magnusson [9] have demonstrated that these two factors define the modulation strength and allow for a tailoring of the resonance width. In the scope of this study, we compared different nanostructures with identical modulation strength. For applications requiring high sensitivity and high -factor, the modulation strength should be adapted.
In conclusion, compound multiperiodic nanostructures offer the unique advantage that wavelengths and number and intensities of resonances can be tailored. This allows for new sensor system approaches based on designing a specific spectral fingerprint for unambiguous and reliable refractive index sensing. Due to the lower -factor the compound multiperiodic nanostructures in this investigation seem particularly promising for spectrometer-free sensor systems evaluating the integrated resonance intensity in different wavelength bands. Here, a moderate -factor combined with a high sensitivity is desirable.
